Abstract. Spermatogenesis involves a series of cellular transformations and thousands of regulated genes. Previously, we showed that the triploid fish (3nBY) cannot produce mature spermatozoa. In the present study, evaluation of the testis microstructure revealed that germ cells of 3nBY could develop into round spermatids, but then degenerated, resulting in male infertility. In this study we comparatively analysed the testis transcriptomes from 3nBY and its diploid parent YB and identified a series of differentially expressed genes (DEGs) that were enriched in the Wnt signalling pathway and the apoptotic and ubiquitin-mediated proteolysis processes in 3nBY. Gene ontology functional analyses revealed that some DEGs in 3nBY were directly associated with the process of gamete generation, development and sperm flagellum assembly. In addition, the expression of a number of genes related to meiosis (Inhibitor Of DNA Binding 2
Introduction
Spermatogenesis is a complex process in which diploid primordial germ cells undergo mitosis and meiosis and then differentiate into mature haploid spermatozoa. This complex process need thousands of genes and coordinated regulatory pathways, and our understanding of how those different genes, proteins and signalling pathways regulate spermatogenesis is continuously evolving. A previous study initially examined the differentiation of spermatogonia from gonocytes and the regulation of spermatogonial stem cell biology (Phillips et al. 2010) , and this was followed by studies of the regulation of spermatogonial mitosis and meiosis (Wolgemuth and Roberts 2010) , aquaculture programs and speciation. In recent years, artificial induction of triploidy has become the most popular ploidy manipulation in fish and shellfish for controlling the density of aquaculture species because it leads to infertility and, in particular, it can resolve the problems caused by sexual maturation, including decreased body growth rates, higher incidence of disease and organoleptic deterioration in the taste of edible parts (Piferrer et al. 2009 ). Generally, triploid individuals are sterile because the three sets of chromosomes cannot be divided evenly during meiosis, often yielding unequal segregation of the chromosomes, which results in aneuploid gametes or meiotic failure (Benfey 1999; Zhang et al. 2005) . In recent decades, microstructural observations of gonad development and gametogenesis in triploids have generally shown three situations (i.e. three development types): (1) the structure of gonad tissue was altered in triploid carp (Liu et al. 2000 (Liu et al. , 2002 , catfish (Tiwary et al. 2000) and catarina scallops (Ruiz-Verdugo et al. 2000) ; (2) spermiogenesis and spermiation were blocked in triploid loach (Suzuki et al. 1985; Huang et al. 2018) , rainbow trout (Sumpter et al. 1991) and sea bass (Felip et al. 2001) ; and (3) sperm production was decreased in triploid gilthead seabream (Haffray et al. 2005) and yellowtail flounder (Manning et al. 2004) .
Recently, sequencing methods (RNA sequencing (RNAseq), whole-genome sequencing) have proved to be effective tools to examine variations in genome structure (substitution, recombination, mutation), expression regulators (dominance, selection, silencing) and epigenetic modifications (methylation, genomic imprinting) to reveal some interesting biological process in allopolyploid species (Wang et al. 2009 ). In allopolyploid plants, sequencing methods have detected male sterility associated with changes in gene structure and expression, such as chimeric genes and gene mutations causing cytoplasmic male sterility , genomic incompatibility and gene silencing disrupting the regulation of the endosperm and seed coat (Burkart-Waco et al. 2013) , amino acid substitution causing pollen abortion (Long et al. 2008 ) and reciprocal silencing of duplicate genes arresting seed development (Bikard et al. 2009 ). In fish, transcriptome profiling has been widely used to probe the molecular regulatory mechanisms associated with sex determination and differentiation (Sun et al. 2013; Manousaki et al. 2014; Sharma et al. 2014; Liu et al. 2015) and the underlying molecular mechanisms related to fertility (Laiho et al. 2013; Xu et al. 2015; Hu et al. 2017) . Even though gonad transcriptomes are frequently reported in wild-type fish, they have not been well studied in allopolyploid fish, particularly in relation to certain biological process, such as the molecular regulators associated with spermatogenesis and abortion.
In a previous study (Hu et al. 2012) , triploid hybrid fish (F 1 ; 3nBY; 3n ¼ 72) were successfully obtained from inter-subfamily hybridisation between female Megalobrama amblycephala Yih (BSB; 2n ¼ 48) and male Xenocypris davidi Bleeker (YB; 2n ¼ 48). Three types of developing gonads were observed in male 3nBY fish (20-26 months old in the breeding season), but none could generate mature spermatozoa. In the present work, we continually observed the gonad development process and found that testis germ cells in 3nBY individuals (30 months old) could develop into round spermatids, but then underwent degeneration, resulting in male 3nBY infertility. Therefore, testis tissue transcriptomes from 3nBY and its diploid parent YB were comparatively analysed. Our focus was to identify differentially expressed genes (DEGs) and particular pathways in the later stage of spermatogenesis that may contribute to the infertility of male triploid fish.
Materials and methods

Fish crossing and sampling
Animal experimenters were certified under a professional training course for laboratory animal practitioners by the Institute of Experimental Animals, Hunan Province, China. The fish were treated humanely following the regulations of the Administration of Affairs Concerning Experimental Animals for the Science and Technology Bureau of China. The protocols for fish crossing were as described previously (Hu et al. 2012) . Hybrids fish and parents were carefully fed in the pond (i.e. hybrids and parents were fed in the same pond with artificial feeding, muddy bottom and sufficient sunshine, area 200 m 2 ) under the same conditions after natural spawning in 2014. Male triploid individuals at 28, 30 and 34 months of age were collected for the study; all the fish were fit (i.e., no disease or injuries) before collected. Flow cytometry (cell counter analyser; Partec) was used to confirm triploid fish (3nBY) based on the DNA content, as described previously (Liu et al. 2001) . Testis tissues were excised from fish in each experimental group (including parent YB and triploid 3nY) and soaked in RNAlater (AM7021; Ambion Life Technologies) at 48C for 24 h before being stored at À808C. The remaining tissue of one testis was fixed in 3% glutaraldehyde solution and the other was fixed in Bouin's solution for microstructural analysis.
RNA extraction, cDNA library construction and sequencing Total RNA was extracted from testicular tissues of fish 30 months of age (two repeats) using TRIzol reagent (Invitrogen) according to the manufacturer's instructions, and quantified using a NanoPhotometer spectrophotometer (IMPLEN). RNA quality was assessed using agarose (1.0%) gel electrophoresis and measurement of optical density (OD) at 260 nm (to determine the ratio of OD 260 /OD 280 ). After removing genomic DNA using DNase I (Fermentas), first-strand cDNA was synthesised using random hexamer primers and M-MuLV Reverse Transcriptase (RNase H À ) (Sangon Biotech). The cDNA fragments 150-250 bp in length were collected and purified with the AMPure XP system (Beckman Coulter). Then, 3 mL USER Enzyme (New England Biolabs) was used with size-selected, adaptor-ligated cDNA at 378C for 15 min, followed by 5 min at 958C before polymerase chain reaction (PCR). The PCR was then performed with Phusion High-Fidelity DNA polymerase, Universal PCR primers and Index (X) Primer (Novogene). The PCR products were purified using the AMPure XP system and library quality was assessed on an Agilent Bioanalyzer 2100. Finally, the prepared libraries were sequenced on an Illumina Hiseq 2000 platform (Novogene), and paired end reads were generated.
De novo assembly and annotation
The generated raw reads were first processed by removing those reads with only an adaptor and unknown nucleotides of .5% using FastQC software (Andrews 2010) . Then, de novo assembly was performed using the Trinity Platform, as described previously (Grabherr et al. 2011) , with min_kmer_cov set to 2 by default and all other parameters set at default values. Short reads were assembled into longer contigs and transcripts. BLASTX alignment (e-values ,10 À10 ) between transcripts and protein databases (Non-redundant protein sequences database, NR), Swiss-Prot, Kyoto Encyclopedia of Genes and Genomes (KEGG) and Cluster of Orthologous Groups of proteins (COG) were used to annotate the genes. The best alignment results were assigned as the annotations for the transcripts. In case of conflicting results among the databases, the priority order was defined as NR, Swiss-Prot, KEGG and COG. In addition, Blast2GO (BioBam) was used to obtain gene ontology (GO) annotations (Conesa et al. 2005) , and WEGO software was used to perform GO functional classification of all transcripts (Ye et al. 2006) in order to understand the distribution of gene functions at the macro level.
Detection and analysis of differentially expressed transcripts CD-HIT (CD-HIT-EST program, available at http://cd-hit.org (verified 10 July 2018) sequence identity threshold ¼ 0.9; tolerance for redundancy ¼ 5; word length ¼ 10) was used to cluster transcripts and remove redundant sequences to identify differentially expressed transcripts (Li and Godzik 2006) . The cluster transcripts were also called unigenes (without a reference genome). BLAT (University of California, Santa Cruz, CA, USA) was used to align paired end reads to the reference transcripts (mixed assembly data) and calculate the number of fragments that mapped to the reference transcripts. Transcript expression levels were calculated using the fragments per kilobase per million fragments mapped (FPKM) method (Mortazavi et al. 2008) . Finally, we used DEseq in R (University of Auckland) to search for differentially expressed transcripts with a false discovery rate (FDR) ,0.001 and a thresholdnormalised absolute ln fold-change .2, as described previously (Anders and Huber 2010) . In addition, the Benjamini-Hochberg method (proved to control the FDR for independent test statistics) was used to filter genes with significant differential expression between YB and 3nBY (Benjamini and Hochberg 1995) .
Quantitative real-time PCR analysis and Sanger sequencing
Total RNA was extracted from testicular tissue using TRIzol reagent (Invitrogen), and first-strand cDNA was synthesised using a PrimeScript RT reagent Kit (RR047A; TAKARA) with PrimeScript RT Enzyme at 378C for 15 min and at 858C for 5 s. Quantitative real-time PCR (qPCR) was performed on triplicate technical replicates (two biological replicates). b-Actin (ACTB; Accession no. GU471241) was used as the internal control for normalisation of gene expression. The amplification conditions were as follows: 508C for 5 min, 958C for 10 min, and 40 cycles at 958C for 15 s and 608C for 60 s. Then, relative quantification was performed, and melting curve analysis was used to verify the generation of a single product at the end of the assay. The average threshold cycle (Ct) was calculated for each sample using the 2 ÀDDCt method. The database of expression results was analysed in Sigmaplot 12.5 (Systat Software Inc.). In addition, Sanger sequencing was used to verify chimeric genes after the cDNA as template and polymerase chain reaction (PCR) amplification of the chimeria. The primers used are given in Table S1 , available as Supplementary Material to this paper.
Electron microscopic observation of testis tissues
The testis tissues of diploid and triploid fish were collected and then fixed in 3% glutaraldehyde solution, washed with phosphate buffer, transferred into an osmic acid solution, dehydrated in a graded acetone series and finally embedded in Epon812 (Shell Chemicals USA). Ultrathin sections were cut and stained with uranyl acetate and lead citrate. A transmission electron microscope (JEM-1230; JEOL) was used to observe the ultrastructure of triploid testis tissues.
Results
Microstructure of testis tissue
Parent YB and BSB were sexually mature at 2 years of age. In the breeding season (sexually mature), we first examined the gonad development of male 3nBY (at 24 and 34 months of age); no semen could be collected from any male fish (Fig. 1) . Then, histological and electron microscopic observations were combined to investigate the structure of the developing testes of 3nBY and its parent YB. Testis tissues from 30-month-old parent YB individuals were full of normal secondary spermatocytes, round spermatids and a small amount of sperms cells (Fig. 1c) . In contrast, the testis germ cells of 3nBY individuals developed into secondary spermatocytes, with the formation of a larger number of round spermatids; however, a small number of round spermatids was in a state of agglutination and degeneration, and no sperm cells were formed in the testes (Fig. 1d) . Further electron microscopic observation showed that the round spermatids in the testes of 3nBY individuals did not form an integrated axoneme and tails (Fig. 1e, f) . In addition, histological sections of testes from 28-and 34-month-old 3nBY individuals showed that testis germ cells developed normally into primary spermatocytes, and that the round spermatids and spermatozoa degenerated in the later stage during spermatogenesis, resulting in sterility of the triploid fish (see Fig. S1 , available as Supplementary Material to this paper).
Transcriptome assembly and annotation
The complete clean reads of testis libraries have been uploaded to the National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) website (http://www.ncbi.nlm. nih.gov/sra/, verified 10 July 2019) under accession numbers SRX3311643 and SRX3638074. A total of 1.68 Â 10 8 (25.26 Gb clean reads data) clean reads was generated after removing lowquality reads. Then, de novo assembly was performed, generating a total of 472 325 unigenes (478.57 Mbp). The average length of unigenes from 3nBY and YB was 1026 and 998 bp respectively. The quality of the assembled transcripts from the testis tissues of 3nBY was slightly higher than that of tissues from the diploid parent YB (Table 1 ). Comprehensive functional annotation of genes was performed with BLASTX against the NCBI database. Approximately 67.01% and 66.00% of the assembled unigenes in 3nBY and YB respectively had significant alignments to known proteins in the public databases NR, UniProt (Swiss-Prot and Non-redundant reference mRNA sequences (NT)), KEGG and COG, whereas 32.99% and 34.00% of transcripts in 3nBY and YB, respectively, showed no or poor similarity matches and may represent specific unigenes with unknown function (Table 1) .
Detection of DEGs
In all, 4685 DEGs were identified in 3nBY compared with YB, of which 3680 were upregulated and 1003 were downregulated. In addition, 287 genes with higher expression in 3nBY were not expressed in the parent YB (FPKM, 3nBY .4.0, YB ¼ 0) and 122 genes in the hybrid 3nBY presented zero level compared with parent YB (FPKM, 3nBY ¼ 0, YB .4.0; Fig. 2 ; File S1, available as Supplementary Material to this paper). The top 20 differentially expressed genes are listed in Table 2 .
Enrichment analysis of DEGs
All DEGs mapped to GO database terms, enabling annotation of 2782 DEGs into 13, 14 and 24 main subgroups (at Level 2) in the cellular component, molecular function and biological process categories respectively. Among those GO function categories (detailed GO terms at Level 4), gamete generation (GO:0007276) and spermiogenesis (GO:0007283) were directly related to spermiogenesis (Table 3 ). In addition, other enriched GO terms, such as reproductive cellular process (GO:0048610), spindle pole body duplication (GO:0030474), cell fate specification (GO:0001708) and programmed cell death (GO:0012501), were associated with testis germ cell proliferation and differentiation, cellular developmental processes and gamete generation ( Fig. S2 ; Table S2 ). A total of 4683 DEGs was mapped to the reference pathways in the KEGG database. The results showed 2200 (46.96%) DEGs mapped to 327 enriched pathways. Pathway enrichment analysis revealed that some of the highly enriched pathways were: function in cell proliferation and differentiation; cellular community and motility; receptor binding; transcriptional activity; signal transduction; and the cell cycle (Table 4 ). In particular, the DEGs enriched in the Wnt signalling pathway and apoptosis and ubiquitin-mediated proteolysis processes have been proven to be related to spermatogenesis, which may also be strongly correlated with spermatid degeneration in the testes of male 3nBY ( Fig. 3; Fig. S3 ; Table S2 ).
In all, 3629 DEGs were assigned in the COG classification (Fig. S4) . Among the 25 COG categories, the top 10 COG categories in descending order are given in Table 5 . Those DEGs enriched in signalling transduction, cell junction and communication categories may contribute to the disordered cell cycle in spermatogenesis in 3nBY. 
qPCR Validation and Sanger sequencing
To validate the quality of the RNA-seq data and the reliability of genes identified as being differentially expressed in the testes of 3nBY and its paternal YB, 10 DEGs (Spermidine Synthase (srm), Dynein Axonemal Heavy Chain 12 (dnah12), Antigen Ki67 (mki67), kinesin family member 13 (kif13), GATA binding protein 3 (gata3), Abnormal spindle microtubule assembly (aspm), Ubiquitin Protein Ligase E3 Component N-Recognin 1 (ubr1), Dynein light chain 1 (dnal1), Spastic paraplegia 11 (spg11), Calpain 2 (capn2)) involved in the development of testis tissues were selected at random from the DEGs for validation using qPCR. Fold-changes from qPCR results were compared with the RNA-seq expression profiles (Table 6 ). The same trends in the expression of these genes were detected by qPCR as obtained from RNA-seq data analysis (Fig. 4) . These results indicate the reliability of the RNA-seq data for analysis of differential mRNA expression. Chimeric genes were verified at the cDNA level by Sanger sequencing. Several DEGs associated with sperm cells assembly, such as Dynein Heavy Chain 5 (DNAH5), Ring Finger Protein 144 (rnf144) and Dynein Axonemal Intermediate Chain 1 (DNAI1), underwent strong allele locus selection (File S2).
Discussion
Hybridisation has been widely used in global aquaculture since the 1980s. In our previous study, triploid fish in the first generation (3nBY, certificate number GS-02-001-2011) were successfully obtained from distant hybridisation between female BSB and male YB (Hu et al. 2012) . The growth rate of this triploid fish was faster than that of both parents. In addition, histological observations of testis tissues of triploid fish (20-26 months old) showed abundant polymorphisms, but no mature spermatozoa (Hu et al. 2012) . In the present study, examination of the testis microstructure further revealed that the germ cells of 3nBY fish could develop into round spermatids (from 26 to 30 months of age), but these spermatids then agglutinated and degraded, which finally caused the 3nBY fish to be infertile (from 30 to 34 months of age; Fig. 1; Fig. S1 ). Notably, the final process by which spermatids undergo marked cell transformation to form mature spermatozoa is a crucial stage for the generation of normal spermatozoa, and involves thousands of regulatory genes (Cheng and Mruk 2010) . To obtain a more comprehensive understanding of the functional elements and molecular regulatory mechanisms underlying spermatogenesis, the testis transcriptome was obtained from 3nBY fish and its normal diploid parent YB (at 30 months of age) and comparative analyses performed. Although the testis transcriptome is a mixed-cell pooled data, which may not represent the whole developmental process of spermatids, it can be used to detect some DEGs and differentially expressed pathways. In addition, functional studies, such as an in situ apoptosis test, proteomics and immunohistochemical analysis, are needed to investigate in details the regulation that results in the infertility of the triploid fish.
The Wnt signalling pathway plays critical roles in the biology of the testes, epididymis and prostate (Lombardi et al. 2013) . The Wnt proteins, including Wnt Family Member 1 (Wnt1), Wnt Family Member 3 (Wnt3), Wnt Family Member 4 (Wnt4), Wnt Family Member 5A (Wnt5a), Wnt Family Member 7A (Wnt7a), Frizzled Family Receptor 9 (Fz-9), b-catenin and Naked Cuticle Homolog 1 (NKD), have been reported to be expressed in developing testes (Lombardi et al. 2013) . Downregulation of Wnt3a, Protein Phosphatase 2 Phosphatase Activator (Pp2a ) and Lymphoid Enhancer Binding Factor 1 (TCF/LEF-1) may contribute to the arrest of spermatogonial differentiation in cattleyak (Cai et al. 2017) . Constitutive activation of the Wnt signalling effector b-catenin (CTNNB1) in Sertoli cells can cause infertile male phenotypes, including testicular degeneration, testis cord disruption, inhibition of Müllerian duct regression and germ cell apoptosis (Chang et al. 2008; Kobayashi et al. 2011) . The results of the present study revealed that the expression of the upstream genes Axis Inhibitor 1 (axin), Dishevelled-1 (dvl) and Casein Kinase 2 (ck2) was higher in triploid fish, which may have activated b-catenin in the triploid testis. Normally, Wnt molecules binding to the Frizzled receptors inhibit b-catenin phosphorylation by glycogen synthase kinase 3b (GSK3B), which cause the subsequent migration of b-catenin into the nucleus, affecting mitogen-activated protein kinase and transforming growth factor b signalling and ubiquitin-mediated proteolysis (Clevers and Nusse 2012) . In the present study, wnt and wnt11 expression was higher in the triploid testis, and activated the downstream genes dvl, nkd, Rac Family Small GTPase 1 (rac1), Mitogen-Activated Protein Kinase 8 (jnk), Glycogen Synthase Kinase 3 Beta (gsk3b) and axin, which may have had an effect on the function of several signalling pathways (mentioned above) during spermatogenesis ( Fig. 3 ; Table S2 ). Together, the large number of genes in the Wnt signalling pathway that are expressed differentially in the testes of 3nBY compared with the testes of the diploid YB suggest the possibility that abnormalities in Wnt biosynthesis may induce spermatogenic arrest. Ubiquitin and ubiquitin-like proteins control the degradation of substrates as diverse as cyclins, viral envelope proteins, plasma membrane receptors and mRNAs. Spermatogenesis is dependent on the ubiquitin system (Baarends et al. 2000; Sutovsky 2003 ), which plays a significant role in cell growth by regulating the mitotic cycle through the timely degradation of cyclins, cyclin-dependent kinases and cyclin-dependent kinase inhibitors (King et al. 1996; Wilkinson 2000) . Therefore, ubiquitin and ubiquitin-like proteins are generally highly expressed in testis tissues. In the present study, the ubiquitin like modifier activating enzyme 7 (ube1l); ubiquitin conjugating enzyme E2 A (ube2a); ubiquitin conjugating enzyme E2 O (ube2o); ubiquitin conjugating enzyme E2 R (ube2r) genes were highly expressed in the testes of 3nBY fish, possibly due to the extensive degradation of cytoplasmic and nuclear proteins during the last phase of spermatogenesis (Rodriguez and Stewart 2007) . Disrupted expression of Hect Domain And RLD 3 (herc3) and Hect Domain And RLD 3 (herc4) in the testes of 3nBY fish could result in reduced male fertility (Zhi et al. 2011 (Table S2 ; Maiti et al. 2000; Gudjonsson et al. 2012) . The mitochondrion is an important membrane organelle that converts the energy of food molecules into ATP to support cellular and organism metabolism, and the mitochondria are involved in regulating diverse processes such as cell proliferation and apoptosis (Danial and Korsmeyer 2004; Tait and Green 2013) . Apoptotic stimuli exert their effects on mitochondria to cause the release of pro-apoptotic factors like cytochrome c, which is required for the activation of caspase 9 during programmed apoptosis (Li et al. 1997) . Caspases are closely associated with apoptosis, which is regulated by inhibitors of apoptosis proteins, such as Bcl-2 family proteins, calpain and Ca 2þ (Fan et al. 2005) . The mitochondrial response to apoptotic stimuli is regulated by the pro-and antiapoptotic Bcl-2 family of proteins (Martinou and Green 2001) ; for example, Bcl-2, BclxL, and Myeloid Cell Leukemia 1 (Mcl-1) protect mitochondrial integrity (Zhong et al. 2005) , whereas Bax, Bak and Bok promote the release of apoptogenic proteins from the mitochondria (Milosevic et al. 2003) . In addition, poly (ADP-ribose) polymerase is involved in the post-translational modification induced by DNA strand breaks that establishes a molecular link between DNA damage and chromatin modification (Amé et al. 2004) . In the present study, the gene encoding mitochondrial cytochrome c oxidase I (cox1), had the greatest decrease in expression in 3nBY compared with YB, followed by Cytochrome C Oxidase III (cox3), Mitochondrially Encoded NADH Dehydrogenase 3 (nd3), Mitochondrially Encoded NADH Dehydrogenase 4 (nd4), apoptosis regulator BAX (bax), ATPase Naþ/Kþ Transporting Subunit Alpha 1 (atp1), ATPase Caþþ Transporting Cardiac Muscle Slow Twitch 2 (atp2b) and ATPase Hþ Transporting V1 Subunit G2 (atp6g), all of which are associated with the catalytic function of mitochondria and may induce non-programmed cell death (Table 1 ). In contrast, overexpressed genes included those encoding mitochondrial ribosomal proteins (mrpss and mrpls) that are related to protein synthesis and the B-Cell Lymphoma 3 (bcl3), B-Cell CLL/Lymphoma 2 (bcl2), B Cell CLL/Lymphoma 10 (bcl10), Poly(ADP-Ribose) Polymerase Family Member 6 (parp6) and Poly(ADP-Ribose) Polymerase Family Member 7 (parp7) genes that are associated with the cell cycle. In addition, the expression of the apoptosis activator caspase 8 (casp8) and the apoptosis executioners caspase 3 (casp3) and caspase 7 (casp7) was higher in the testes of 3nBY fish, which may also contribute to spermatid degeneration (Table S2) .
The long journey from a spermatogonial stem cell to a functional sperm cell involves many cell types and the cooperation of many regulatory pathways. Forkhead Box Protein O (FOXOs) are important targets of the phosphatidylinositol 3-kinase/Akt pathway, and are key regulators of the cell cycle, apoptosis and response to oxidative stress (van der Horst and Burgering 2007): FOXL2 is required to prevent transdifferentiation of an adult ovary to a testis (Uhlenhaut et al. 2009 ) and inactivation of FOXM1 in mice leads to uncoupling between the S phase and mitosis (Korver et al. 1998) . In the present study, expression of foxo3 and foxl2 was higher, whereas that of foxm1 was lower in the triploid testis compared with testes from YB fish ( Table S2 ). The core histones (H2A, H2B, H3 and H4) are small basic proteins that bind to DNA directly and can control transcription events in the cell cycle. Expression of the histones h1, h2a, h2b, h3 and h4 was lower in the testes of 3nBY fish, which may be related to chromosome dissolution as a result of spermatid degeneration. The upregulation of Inhibitor Of DNA Binding 2 (ID2) and downregulated Ovo Like Transcriptional Repressor 1 (OVOL1) in the germ cells of 3nBY fish may be correlated with the inability to progress through meiosis (Bettegowda and Wilkinson 2010) . A series of genes is directly associated with cilia and flagellum assembly, maintenance and flagellar movement in sperm cells. The Dynein Axonemal Heavy Chain proteins (DNAHs) and Dynein Axonemal Intermediate Chain proteins (DNAIs) genes are involved in sperm flagellum assembly and respiratory cilia motility and were expressed at low levels in the testes of 3nBY (Hornef et al. 2006; Ziętkiewicz et al. 2010) . Chimeric genes DNAI1 and DNAH5 may result in primary ciliary dyskinesia, which was also detected in 3nBY (McKean et al. 2001) . Tubulins (TUBs) are the main component of microtubules and participate in cell division, flagellum and cilia assembly and motility (Baker et al. 2003) . Intraflagellar transport (IFT) genes are involved in the assembly of the sperm flagellum, and mutations in particular IFT proteins can result in sperm cells with short, abnormal tails (Pazour et al. 2006; Roy et al. 2007) . In the present study, we noted that tuba, tube, tubb and ift88 were expressed at low levels in the testes of 3nBY fish. The Tektin 4 (Tekt4) gene was found to be significantly downregulated in the testes of 3nBY, and this gene is involved in the formation of sperm flagella and potentially in flagellar stability (Table S2 ; Olbrich et al. 2012; Wu et al. 2012) .
